We have used data from the Cassini Composite Infrared Spectrometer to map the temperatures in Saturn's polar cyclones at the highest spatial resolution obtained during the Cassini mission. We find temperature contrasts of 7 K in the upper troposphere within 1.4 ∘ of both poles, roughly 50 percent larger than earlier measurements at lower spatial resolution. The polar hot spots weaken with depth, disappearing near 500 mbar. In the stratosphere, the polar hot spot becomes broader, extending 4 ∘ from the poles, and weakens with altitude disappearing near 1 mbar. A thermal relaxation model shows that the tropospheric hot spot is consistent with adiabatic heating from subsidence with a vertical velocity of about −0.05 mm/s above 500 mbar. The observed temperature gradients imply that the winds in the polar cyclone decay with increasing altitude over roughly three pressure scale heights above the 200-mbar level.
Introduction
Thermal infrared observations of Saturn taken from Keck observatory in February 2004 (early southern summer) revealed the presence of a compact hot spot at Saturn's south pole, with a temperature increase within 3 ∘ of the south pole of 2.5 K at 100 mbar and 1 K at 3 mbar (Orton & Yanamandra-Fisher, 2005) . Subsequent observations from the Composite Infrared Spectrometer (CIRS) onboard the Cassini Orbiter (Fletcher et al., 2008 (Fletcher et al., , 2015 confirmed the existence of hot spots with temperature contrasts of up to 5 K within 2 ∘ to 3 ∘ of latitude of both poles in the upper troposphere and middle stratosphere, indicating that the polar hot spot is not a seasonal phenomenon.
Imaging at visible and near-infrared wavelengths by the Cassini Imaging Science Subsystem and Visible and Infrared Mapping Spectrometer shows that the polar hot spots are associated with strong cyclonic polar vortices, with peak zonal wind velocities in excess of 150 m/s near ±88.7 ∘ planetographic latitude and a local maximum in vorticity at the pole (Antuñano et al., 2015 Baines et al., 2009; Dyudina et al., 2008 Dyudina et al., , 2009 Sánchez-Lavega et al., 2006; Sayanagi et al., 2017) .
The structure of the polar vortices in visible imaging bears a striking similarity to a terrestrial hurricane, with a central eye of 1.5 ∘ to 2 ∘ radius surrounded by cyclonically spiraling clouds extending up to 6 ∘ from the poles. The south polar vortex has two distinct eyewalls, at 89.1 ∘ S and 88.3 ∘ S, with cloud altitudes changing abruptly by 40 and 70 km, respectively (Dyudina et al., 2009 ). The north polar vortex has a more complicated, and temporally variable, cloud structure, with a relatively bright region of spiraling clouds between 89.3 ∘ N and 89.7 ∘ N surrounded by a dark ring extending to 89.1 ∘ N Sanz-Requena et al., 2018; Sayanagi et al., 2017) . Images in methane band filters, which are sensitive to the amount of upper tropospheric haze, show a dark spot at both poles extending to 88.7 ∘ , indicating a hole in the tropospheric haze (Sayanagi et al., 2017) . The cloud and haze structure, as well as the warm core, of the vortex can be explained by subsidence within the vortex.
The geometry of the Cassini proximal orbits allowed for targeted observations of Saturn's poles within 1.5 to 6 hr of Cassini's closest approach to Saturn, at distances to the pole down to ∼ 1 R S , giving spatial resolutions with CIRS as low as 0.04 ∘ of arc (∼ 20 km). The resolution of these observations is an order of magnitude better than the mapping observations used by Fletcher et al. (2008 Fletcher et al. ( , 2015 , giving CIRS an unprecedented view of Saturn's polar cyclones in the thermal infrared.
Data
Cassini CIRS is a Fourier transform spectrometer covering the spectral range from 10 to 1,500 cm −1 (6.7-1,000 μm) with a spectral resolution adjustable between 0.5 and 15.5 cm −1 . The spectral range is covered by three focal planes: Focal plane 1 (FP1), covering 10 to 600 cm −1 , is a single detector with an approximately Gaussian spatial response with a diameter projected on the sky of 3.9 mrad and a full width at half maximum of 2.5 mrad. Focal planes 3 and 4 (FP3 and FP4), covering 600 to 1,100 cm −1 and 1,050 to 1,500 cm −1 , respectively, are 1-by-10 linear arrays with each pixel having a square response of 0.27 mrad. The instrument and its operation are described in detail by Jennings et al. (2017) and Flasar et al. (2004) .
During the proximal orbit phase of the Cassini mission, CIRS observations of the poles were obtained during three periapse periods: rev 271 (26 April 2017), rev 281 (29 June 2017), and rev 289 (20 August 2017; south pole only). During these observations the inbound leg came in near the north pole, and the outbound leg passed near the south pole. The CIRS focal planes were swept meridionally across the pole in a direction perpendicular to the FP3/4 arrays. FP3 and FP4 were operated in paired mode, with data from adjacent pairs of pixels electrically summed onboard the instrument for increased signal-to-noise ratio, except for the north polar observation on rev 281 which used single pixels for increased spatial resolution. The observations on revs 271 and 281 were taken at a Hamming-apodized spectral resolution of 2.7 cm −1 , while the observation on rev 289 was at a spectral resolution of 15.5 cm −1 . The spatial resolution during the observations varied between roughly 0.04 ∘ and 0.2 ∘ of arc in FP3 and FP4, a factor of 10 to 20 higher resolution than the routine temperature mapping observations during the Cassini mission used by Fletcher et al. (2008 Fletcher et al. ( , 2015 and a factor of 5 better than the south polar observation used by Dyudina et al. (2009) . FP1 data have a spatial resolution (FWHM of the approximately Gaussian field of view) of 5 worse than FP3/FP4. A summary of the observations is given in Table 1 .
Because of Cassini's orbital geometry during the proximal orbits, during the period near periapse Saturn and its rings filled a substantial part of the field of view of the passive radiator used to cool the P3 and FP4 detector assembly to its normal operating temperature of 76 K. As a result, the FP3 and FP4 detectors were at an elevated temperature during the outbound south pole observations, resulting in lowered sensitivity and an increased noise level. Combined with the lower atmospheric temperatures at the south (winter) pole, the south polar observations have considerably lower signal-to-noise level than the north polar observations.
Analysis and Results
Information on atmospheric temperatures comes from three parts of the observed spectra. In FP4, the 4 methane band between 1,200 and 1,400 cm −1 is sensitive to temperatures in the midstratosphere between about 0.5 and 5 mbar. In FP3, the continuum between 600 and ∼ 670 cm −1 , from collision-induced absorption (CIA) of H 2 -H 2 , H 2 -He, and H 2 -CH 4 pairs, is sensitive to the temperature in a narrow pressure region around 100 mbar in the upper troposphere. In FP1, the hydrogen CIA continuum between 220 and 600 cm −1 is sensitive to temperatures between roughly 100 and 400 mbar; temperatures at pressures up to about 600 mbar can be obtained from longer wavelengths (50 to 230 cm −1 ) if the rotational absorption lines of ammonia and phosphine are modeled. Figure 1 shows a polar orthographic projection map of brightness temperatures from the two north polar maps, calculated from radiances averaged over the range 600 to 650 cm −1 , which is indicative of temperatures in the upper troposphere near 100 mbar and averaged over 1,250 to 1,300 cm −1 , which is indicative of temperatures in the midstratosphere near 4 mbar. The tropospheric images show the compact hot spot at the northern pole, with a temperature increase of nearly 7 K within 1.5 ∘ (1,700 km) of the pole (seen more clearly in Figure 2 below), with the temperature gradient extending to the pole within the resolution of the observations. As in earlier observations (Fletcher et al., 2008 (Fletcher et al., , 2015 ) the hot spot is broader and weaker in the midstratosphere than in the upper troposphere. Similar maps of the three south polar observations are shown in Figure 3 . Although the data are considerably noisier than for the north pole, the south polar troposphere shows a hot spot of similar size, but slightly lower amplitude, as the north. A stratospheric hot spot is not visible in the maps; however, the noise level of the data is very high and we will see below from temperature retrievals of zonally averaged data that a weak stratospheric hot spot is present at the south pole.
To retrieve temperatures, we use the north polar map from 29 June 2017 and the south polar map from 26 April 2017, which have the greatest latitude coverage for each pole, as well as scans at multiple longitudes. For each map, the spectra from FP3 and FP4 were zonally averaged in 0.2 ∘ wide latitude bins centered every 0.1 ∘ in latitude, while the FP1 spectra were zonally averaged in 0.5 ∘ bins centered every 0.25 ∘ of latitude. Temperatures were retrieved from the averaged spectra using the constrained linear inversion algorithm described by Conrath et al. (1998) , with separate retrievals for data from each focal plane. The forward model uses 199 layers equally spaced in log pressure between 5 bar and 1 μbar. The opacity sources used are the CIA opacity from H 2 -H 2 , H 2 -He, and H 2 -CH 4 pairs, methane absorption from the 4 band in FP4, and the rotational lines of NH 3 and PH 3 in FP1. The CIA opacity is calculated according to Borysow et al. (1985) , Borysow and Frommhold (1986) , and Borysow et al. (1988) . Molecular band absorption is calculated using the correlated-k approximation (Goody et al., 1989; Lacis & Oinas, 1991) with opacity tables precalculated using the opacity data described by Fletcher et al. (2012, Table 4 ). The initial guess atmosphere is the same as Achterberg et al. (2014) , with the addition of CH 4 using the profile of Moses et al. (2000) scaled to a tropospheric mole fraction of 4.7 × 10 −3 ).
FP4 retrievals are performed first, using the spectral range from 1,250 to 1,310 cm −1 , and give temperature profiles valid between roughly 0.5 and 5 mbar, blending in to the initial guess profile at higher and lower pressures. The temperature profiles from the FP4 retrievals are then used as the initial guess temperatures for the FP3 and FP1 retrievals. The FP3 retrievals use the spectral range from 600 to 660 cm −1 and give temperatures in a layer roughly one scale height thick centered near 100 mbar. The FP1 retrievals use the spectral range from 50 to 550 cm −1 , and temperature, hydrogen para-fraction, NH 3 mole fraction, and PH 3 mole fraction are retrieved as described by Achterberg et al. (2014) . The resulting temperature profiles are valid between roughly 100 and 600 mbar. The resulting temperatures at several pressure levels are shown in Figure 3 . At the north pole, the temperatures near 100 mbar show a 10-K increase between 84 ∘ N and the pole, with 7 K of that increase within 1.4 ∘ (1,600 km) of the pole. There is a noticeable inflection point in the meridional temperature gradient near 88.6 ∘ N, poleward of which the temperature gradient persists to within 0.2 ∘ of the pole. The hot spot weakens with increasing pressure, disappearing near 500 mbar. In the midstratosphere, the polar hot spot is broader, with the inflection in dT/dy occurring at 86 ∘ N for pressures greater than about 1 mbar. The amplitude of the polar heating decreases rapidly between 2 and 1 mbar, and at 1 mbar we see only the northernmost part of the broader stratospheric polar warming seen in the summer hemisphere (Fletcher et al., 2015) . The south polar tropospheric hot spot is similar to that in the north, with an 8-K temperature increase between 88 ∘ S and the pole, though without the sharp inflection point in the meridional gradient. In the south polar stratosphere, 4-mbar temperatures show a compact hot spot at the pole, with ΔT ∼ 4 K within 0.5 ∘ (600 km) of the pole, which is weaker at 2 mbar and gone at 1 mbar, as well as an ∼ 4-K temperature increase between 86 ∘ S and 89.5 ∘ S. The latitudinal coverage of the south polar observations used here is insufficient to show the full extent of the broader stratospheric cyclone, but Fletcher et al. (2015) found a local minimum in the 5-mbar temperatures at about 85 ∘ S from CIRS data through 2014.
Discussion

Vertical Winds
The warm temperatures, as well as the lower cloud altitudes and opacities, and clearing of the tropospheric haze within the polar vortices, can be explained by atmospheric subsidence and adiabatic heating (Dyudina et al., 2009; Fletcher et al., 2008 Fletcher et al., , 2015 . The amount of subsidence required to produce the observed temperature gradients can be estimated by considering the potential temperature, the temperature a parcel of gas would have if compressed or expanded to a reference pressure at constant entropy, which is an advectively conserved quantity in the absence of nonadiabatic heating or cooling. Figure 4 shows cross sections of potential temperature, calculated from temperatures retrieved from FP1 for the rev 281 north polar observation and the rev 271 south polar observation calculated as described by Gierasch et al. (2004) . The potential temperature contours are depressed over both poles, indicating subsidence. They remain nearly parallel over the 100-to 600-mbar pressure range of the retrievals, implying that the vertical displacement is uniform through the upper troposphere. The minimum displacement needed to produce the observed temperature contrast can be estimated by assuming adiabatic descent and dividing the meridional temperature contrast ΔT by the difference between the observed and adiabatic vertical temperature gradients, T∕ z + g∕C p . Here z is altitude, g is the gravitational acceleration, and c p is the specific heat. At around 100 mbar, we observe that ΔT ≈ 7 K, and from the retrieved FP1 temperature profiles, we calculate dT/dz + g∕c p ≈ 1.2 K/km, giving a vertical displacement of ∼ 6 km, or 0.2 of the pressure scale height at 100 mbar, consistent with the potential temperature contours in Figure 4 .
Of course, the vertical displacement can be larger, but then the adiabatic heating must be balanced by diabatic heating or cooling. The simplest approximation is the zonally averaged energy equation with radiative relaxation expressed in terms of a Newtonian cooling time scale R (e.g., Andrews et al., 1987) :
where w is the vertical velocity, g is the gravitational acceleration, C p is the specific heat, and T eq is the radiative equilibrium temperature. Equation (1) assumes that the temporal variation and meridional advection of heat are small, so that vertical advection of heat is balanced by radiative heating or cooling, represented by relaxation to an equilibrium temperature, and applies to the zonal mean velocity and temperature. Localized vertical velocities can be much larger, in particular in areas of active convection. To estimate R , we use the methodology of Fels (1982) for scale-dependent cooling rates. Assuming cooling from CIA of H 2 -H 2 , H 2 -He, and H 2 -CH 4 pairs and from the rovibrational bands of C 2 H 2 , C 2 H 6 , and CH 4 , we find values of −1 R of about 6 × 10 −9 s −1 in the upper troposphere for sinusoidal disturbances with a vertical wavelength of several scale heights. Assuming the observed temperature difference of 10 K between 85 ∘ N and the pole is indicative of T − T eq and dT/dz + g∕c p = 1.2 K as above; a zonal mean vertical velocity on the order of w ∼ −0.05 mm/s near 200 mbar is needed to produce the observed polar hot spot. This gives an advective time scale for the meridional circulation associated with the vortex of H∕w ≈ 20 years. This time scale is comparable to the Saturn year, and long compared to the radiative time scale, as well as the predicted time scale for equilibration of the ortho and para states of hydrogen (Conrath & Gierasch, 1984) ; thus, a more accurate estimation of the meridional circulation associated with the polar vortex will need to include both seasonal radiative effects and the latent heat associated with equilibration of the hydrogen rotational state.
Thermal Wind Shear
Assuming geostrophic balance, where the meridional pressure gradient is balanced by the Coriolis force, the meridional temperature gradient is related to the vertical gradient of the zonal wind through the thermal wind relation:
where p is the pressure, R is the gas constant, and f = 2Ω sin( ) is the Coriolis parameter with Ω the angular rotation rate of Saturn and the latitude. Figure 4c shows the vertical gradient of the zonal mean wind, calculated from the temperatures retrieved from FP3/4 data for the north polar map on 29 June 2017. The meridional temperature gradient was evaluated from a smoothing spline fit through the observed T( ) at each pressure (Dierckx, 1993) to prevent the result from being dominated by noise, so the resulting du/dln p should be considered only a rough estimate.
In the upper troposphere, the vertical wind shear is around 50 to 60 m/s per scale height, indicating that the observed winds decay with altitude into the stratosphere over about three pressure scale heights, if the observed temperature gradient does not weaken too much in the lower stratosphere where CIRS data have little sensitivity to temperature. In the middle stratosphere, the vertical wind shear extends over a larger latitude range than in the troposphere, and weakens rapidly with altitude, disappearing at about 1 mbar.
The 5-μm data from the Visual and Infrared Mapping Spectrometer show that the north polar vortex extends downward to at least the 2-bar level with minimal decrease in amplitude, consistent with CIRS results that the temperature gradient disappears at 500 mbar, where the vertical temperature gradient becomes nearly adiabatic. The available data thus show that the winds associated with north polar vortex are roughly constant with altitude throughout much of the upper troposphere then decay with altitude through the uppermost tropopause and lower stratosphere.
Conclusions
CIRS observations of Saturn's polar cyclones at the highest spatial resolution obtained during the Cassini mission show temperature increase of roughly 7 K between ±88.6 ∘ and the poles in the upper troposphere near 100 mbar, with the temperature gradient persisting to within 0.1 ∘ of the pole. There is an abrupt inflection in the meridional temperature gradient at 88.6 ∘ N, roughly the location of the peak winds in the north polar cyclone. The observed temperature gradient weakens with depth, disappearing near the radiative-convective boundary near 500 mbar. In the middle stratosphere, the polar hot spots are broader than in the troposphere, extending to ±86 ∘ , and weaken with increasing altitude, disappearing near 1 mbar.
The tropospheric temperature contrasts can be explained by subsidence within the polar vortices, with heating from adiabatic compression only partly balanced by radiative cooling. The required vertical velocity is roughly −0.05 mm/s, corresponding to an advective time scale of about 20 Earth years. Contours of potential temperature are depressed at both poles by an amount that is independent of pressure, indicating that the subsidence extends down to at least 500 mbar with little change in amplitude. Application of thermal wind balance shows that the observed winds in the north polar cyclone decay with altitude at about 60 km/s per scale height, indicating that the cyclone weakens considerably in the lower stratosphere.
